Many remote sensing applications rely on imaging spectrometry. Here we use imaging spectrometry for thermal and multispectral signatures measured from a satellite platform enhanced with a combination of accurate calibrations and on-board data for correcting atmospheric distortions. Our approach is supported by physics-based end-to-end modeling and analysis, which permits a cost-effective balance between various hardware and software aspects.
OBSERVABLES AND SIGNATURES
Many applications require observation oftargets from a significant distance. The specific interests of the customers dictate the particular remote sensing systems that are deployed. For example, the NASA Mission To Planet Earth (MTPE) demands frequent global coverage to study environmental changes, including climate warming, rising sea level, deforestation, desertification, ozone depletion, acid rain, and reduction in biodiversity'. Conversely, others are interested in attributes of specific, smaller areas: for example, the Landsat series of satellites image selected targets of up to 185 km swath width at spatial resolutions of3O -120 meters. Commercial interests are now developing satellite-based systems which have spatial resolutions down to one meter with commensurately smaller swath widths3. In addition to spatial and temporal resolution and coverage, and selection of spectral bands, each system has requirements for accuracy or precision, driven by the desired data products. The customer for the work described in this paper is interested in obtaining very accurate signatures from a variety of industrial sites. The observables include facility attributes (size, shape, materials), thermal signatures, and solid, liquid and gaseous effluents measured either directly, or by their effects on the environment as measured by, for example, vegetative health in the vicinity. Our goal is to develop and demonstrate advanced technologies and analysis tools toward meeting the needs of our customer; at the same time, the attributes of this system can address other applications in such areas as environmental change, agriculture, and volcanology.
We will concentrate first on measurement ofthermal signatures, which can provide information on whether a facility is operating, and, if so, how much power is being dissipated. For example, consider an electrical power producing facility which uses water from an adjacent river for cooling. Typical plant efficiencies indicate that waste heat dissipation is twice the electrical power production: hence careful measurements of the waste heat provide useful data on electrical power production and on impacts to the environment. The thermal signature is manifest in infrared emissions, which may be measured by a suitable imaging system. However, the thermal signature is affected by the heat dissipation mechanisms, which, in turn, are affected by the state of the atmosphere. Also, the infrared signature is distorted by absorption and emission in the atmosphere between the river surface and the remote sensing system. Thus obtaining accurate retrievals at ground level drives a design in which we can measure thermal and non-thermal scene attributes, as well as the variable aspects ofthe intervening atmosphere.
The analysis of the ground scene includes identification of materials, and evaluation of such properties as the health ofvegetation. We rely here on the experience ofmany airborne and space sensors, including the AVIRIS4 and HYDICE5 hyperspectral sensors and the LandsatThematic Mapper2 and SPOT6 multispectral sensors, and on detailed modeling. It is clear from these efforts that, for a given spatial resolution and signal-to-noise, one obtains better separation ofmaterials using more spectral bands. The data indicate that the spectral region from 0.4 to 2.5 microns provides the best "fingerprints" for the identification of solids and liquids; the thermal infrared is generally more appropriate for identification of gases. The key caveats here are on spatial resolution (which should be small to avoid confusion due to mixed pixels in a cluttered scene) and signal-to-noise (which, even for perfect detectors, will be limited by the available number ofphotons in the collecting aperture). Our goal here will be to reach the most appropriate solution for our customer' s needs.
The atmosphere affects all ofthe listed signatures within the spectral range ofinterest. We can model these effects rather well, using sophisticated codes such as the U. S. Air Force sponsored MODTRAN7, and the French 6S code8. However, atmospheric variability is significant, primarily in aerosols, water vapor, and cloudiness, on relatively small spatial and temporal scales. For example, data from AVIRIS shows water vapor varying on scales of tens of meters, and also shows considerable patchiness in clouds, including subvisual Cirrus clouds. Time series data from weather stations show variability by factors oftwo or more between water vapor retrievals by balloon-borne weather-sondes launched at intervals of six hours. Threedimensional mapping of water vapor distributions over uniform surfaces using Raman LIDAR shows cells with spatial scales of meters9, and large gradients in the vicinity of vegetation'0. Measurements of variability in column-integrated water vapor using microwave sensing similarly shows significant smallscale activity. Thus errors are introduced if the analyses rely exclusively on synoptic weather based on measurements by weather satellites at spatial scales of kilometers and at time scales of hours, combined with data from ground-based stations separated by tens of kilometers.
Thus our requirements are for a system with spatial resolution appropriate to examining industrial facilities, with spectral bands appropriate to the identification of facility attributes including thermal signatures, materials identification and effects on the nearby environment. These efforts constitute a technology demonstration, in which we plan to examine signatures from cooperative sites, and compare the results obtained by remote sensing to the attributes ofthe sites as determined by in-situ observations.
SYSTEM EMULATION AND DESIGN SOLUTIONS.
Physics-based end-to-end modeling and analysis.
We use sophisticated modeling and analysis tools to set appropriate specifications, and to predict and verify performance. The process is depicted in Figure 1 . We begin by modeling multispectral signatures covering the visible and infrared parts ofthe spectrum (alternatively, we can use data from suitable airborne sensors). We propagate the signatures through representative atmospheres generally using the MODTRAN7 or 6S8 codes, which also add in the appropriate path radiance. This yields simulated spectra at the entrance aperture ofour sensor. We model the sensor optical system using Code V'1 or with less sophisticated (but faster) methods such as propagation ofthe Point Spread Function (PSF) and the Modulation Transfer Function (MIT). The detectors are modeled'2 using fundamental physics, and data acquisition and control systems are modeled based on electronic engineering inputs. To complete the picture, we use the accuracy requirements for the fmal product (Answers to our customer's questions) to derive the requirements on calibration. This includes the transfer of calibration standards from the National Institute of Standards and Technology (NIST) via our ground calibration systems to the on-board calibration system for the sensor. We now iterate on this system to fmd the self-consistent solution that best meets our customer's needs.
The possible solutions need to be constrained by cost-effectiveness, and by a realistic evaluation of the uncertainties in the entire system. For example, it is not possible to achieve perfect calibration, and the atmospheric simulation codes have inherent disagreements with observations in such areas as matching the water vapor spectra. Our guiding principles include making the system reasonably simple, and fmding a realistic balance in distributing the error budget. The full details of this process are beyond the scope of this paper, but the following discussion and references13 provide an overview. Wavelength selection.
We begin with selection ofthe wavelength bands. Our intent here is to find the minimal set which will address the range of signatures to be exploited, together with bands for corrections due to the atmospheric variability. Many more details ofthe selection processes for the bands are found in Clodius, Weber, Borel and Smith (l998).' The full spectrum received at the satellite consists of sunlight reflected from the atmosphere or from the Earth, plus thermal infrared emission from the Earth as modified and added to by the atmosphere. A typical spectrum is shown in Figure 2 , which shows a representative full spectrum at the satellite aperture covering both reflected sunlight and thermal radiation. The crossover of these two components occurs in the MWIR. Selected spectral bands for the present design are superimposed.
Nighttime thermal retrievals, use the upper five bands of the ensemble, in two atmospheric "windows": nominally at 3-5 and at 8-12 microns. We chose to avoid the variable Ozone band at 9.4 -10 microns. We locate one band, designated band N. near the wavelength of peak radiance at 10.2 to 10.7 microns: this band is relatively unaffected by atmospheric effects. We add two bands. L and M. on the shorter wavelength side of the ozone feature, at 8.0-8.4 microns, and at 8.4 to 8.85 microns. Band M has a reasonably clear path to the ground while band L is affected by atmospheric water vapor: the ratio of these bands gives a measure of column integrated water vapor. We now complete our fit of the modified Planck curve with two bands in the Mid Wave Infrared (MWIR): band J at 3.50 -4.10 microns and band K at 4.87 to 5.07 microns. The gap between these bands is dominated by the vibrational-rotational absorption band of CO2 between -4.2 and -4.6 microns: as with the Ozone feature in the LWIR, we avoid the variable atmospheric components. Precedence for a satellite system exists for band J: for example, in the AVHRR (3.55 to 3.93 microns) and in the GOES imager (3.80 to 4.00 microns)15Iô. Band K is, to the best of our knowledge, new: it is affected by atmospheric composition, but is also essentially unaffected by the tail of the solar spectrum, thus makmg it a useful MWIR band during the day when band J is badly contaminated by sunlight. The combination of these five spectral bands, allows a powerful probing of the Planck curve as propagated to the satellite-borne sensor. correcting for atmospheric variables and obtaining excellent temperature retrievals on the ground. During the daytime, we add information from the remaining ten spectral bands. Starting at short wavelengths, bands A-D are derivatives of the well-established Landsat bands, with some relatively minor modifications to reflect better technology and better understanding of where to best place the band edges. (We are quite unfettered with any requirement to provide operational continuous data streams, which allows experimentation.) These four bands are used in materials identification, vegetation health (as measured by MDVI) and to assess the aerosols from the Rayleigh scattering effects.
The next three bands, E, F, and G, encompass the water vapor absorption feature at around 0.94 microns. Following AVIRIS analysis1718 one can take ratios of these bands to directly map the column integrated water vapor over most target scenes (one experiences difficulties with low emissivity targets). This method has been extended by Borel, eta!192°in a method called: "Atmospheric Pre-corrected Differential Absorption". Further consideration ofAVIRIS hyperspectral VNIR data shows the ability to detect even sub-visual cirrus clouds using a strong water vapor absorption at 1 .375microns21: we chose to defme this as a single spectral band. Our next two bands also are Landsat derivatives: band I at 1 .54-1.75 microns is well known for vegetation I lignin retrievals, and our band 0 at 2.08 -2.35 microns provides needed discrimination for separation of certain materials.
Spatial sampling and coverage.
We gain significant information from the ability ofthe satellite to maneuver over a range of+/-20 degrees across the track and almost horizon to horizon in the along-track direction. This permits stereo imaging, and also allows us to observe the same ground scene through different segments of the atmosphere. Assuming a laminar atmosphere, this permits superior atmospheric corrections than are possible with only a single view. In a non-uniform atmosphere it permits, for example, discrimination of clouds based on perspective changes (in addition to the usual spectral discrimination).
Spatial resolution is limited, inter alia, by the diffraction limit of the telescope. Using a nominal 500-km altitude for the satellite, we compute the diffraction limit at the wavelength peak of the Planck curve for thermal emission from objects with temperatures near Earth-ambient values. At a nominal ten microns wavelength, a 0.36 m diameter primary aperture gives a diffraction limited spot of 34 meters: numerical studies demonstrate that this is adequate for a good selection oflake, river, or ocean cooling systems associated with typical power plants. Ifthe telescope were to be diffraction limited at all wavelengths, this would imply a diffraction limit ofless than two meters in the visible spectrum, which is better than we require for the subject applications.
The spatial coverage can be rather modest, since we will be targeting cooperative sites whose location is well known to us. The satellite will have three reaction wheels, which provides pointing control to an accuracy of2 km at 98 percent confidence. Thus, even large facilities will be almost guaranteed to be in the field of view ifwe have a swath of, say, 5 km, and we can demonstrate limited area search capabilities with a swath of, say, 12 km. We targeted the larger swath for the optical system, which leads to a field of view of 1 .4 degrees Taking the 0.36-meter diameter primary mirror, and a reasonable f-stop of 3.5,we have an effective focal length of 1 .25 meters. We chose a non-obstructed telescope, since any obstructions would impair our ability to reach our calibration goals (unless we spent a great deal ofeffort in controlling the obstructing hardware in terms oftemperature, emissivity, scattering, etc.). We also wanted to be able to make in-flight focus adjustments, and have both full aperture and local on-board calibration systems. A Three Mirror Anastigmat (TMA) design proved to be an appropriate solution to these requirements.
Our next task is to match the focal plane and pixel sizes to the telescope. The focal surface ofthe TMA is computed to be quite flat, and has dimensions of3O.7 x 43.2 mm. Again we start with the longest wavelengths in the system, and fmd that HgCdTe is the detector material of choice (high QE, cooling requirement of around LN2 temperatures, and good yield in production oflinear arrays containing up to a few hundred pixels). Available detector sizes of a nominal 50 microns permit near-Nyquist sampling at the longest wavelengths, for a Ground Sampling Distance (GSD) of a nominal 20 meters. The MTF at the Nyquist frequency is 0.64 for this band. For simplicity in the focal plane, we choose to maintain the nominal 50-micron pixel size for all spectral bands used in thermal analysis and in atmospheric retrievals. For the four bands in the visible and near infrared, we recall a potential for a diffraction limit ofless than two meters. However, Nyquist sampling over the full available 12 km swath would then imply 12,000 detector elements per array, with detectors of around two micron pixel dimensions. This strains producibility capabilities, and would lead to a very large load on the data acquisition system. Thus we degraded the ground sampling distance for these bands to five meters, using nominal 12.5 micron pixels in relatively easy to produce silicon linear arrays of 832 elements each. Again for reasons of producibility, the Focal Plane Array (FPA) is split into Sensor Chip Assemblies (SCAs), each containing fifteen parallel filtered linear arrays oriented at ninety degrees to the satellite direction oftravel (i.e. a "push-broom" configuration). Three such SCAs cover the 12-km swath.
A Stirling Cycle cooler can maintain the entire focal plane at an operating temperature of 70K. This is necessary for low-noise operation of the infrared detectors. The VNIR detectors could be operated at a higher temperature, but this would require a beam splitter in the field ofview ofthe IR sensors, which would likely reduce the temperature accuracy ofthe system. A set ofcold baffles is used to minimize the coupling ofthe warm structure to the FPA, and to reduce stray light. The maximum FPA thermal load is 2.25 Watts, which requires over 100 Watts ofprimary electrical power to the cooler. The remainder of the optical system is carefully maintained at a monitored space-ambient temperature of270 -275K: thus the background radiance from the telescope is known and can be subtracted from the measured signals.
Error budget and calibration.
The system error budget is divided almost equally between the hardware and the analysis uncertainties. This balance leaves challenging, state-of-the-art assignments in both areas, with confirmation of actual onorbit performance from measurements made on well-characterized ground-based scenes. The hardware calibration requirements flow from the end-to-end modeling to on-orbit requirements on the accuracy of each spectral band. Each band has a different set of specifications, and again the details are beyond the scope ofthis paper. However, we will illustrate the sequence in the following paragraphs.
The reference source for all calibrations is the National Institute of Science and Technology (NIST). The goal ofthe calibration is to transfer NIST standards to the satellite instrument, and then to maintain the calibration for the life ofthe system. The preferable approach to translating between the NIST sources and the satellite instrument is to use a telescope to expand from the small sources to the full aperture of the instrument. This is achieved at Los Alamos in the Radiometric Calibration System (RCS) using a two mirror telescope with a full aperture of-O.5 meters diameter. The secondary mirror ofthat telescope can be rotated at an angular rate equal to the satellite imaging rate in orbit; this allows a full, dynamic simulation ofthe on-orbit operations.
We have worked directly with NIST to develop new transfer sources for broadband visible and infrared. These sources must be operated in vacuum, and are located at the focal point ofthe telescope whose output provides full aperture illumination ofthe instrument. The VNIR source is an integrating sphere with nitrogen gas cooling used to dissipate the heat ofthe lamps. Two blackbody sources have been developed to cover the temperature range 180 -350Kwith temperature control of better than 50 mK, and an effective emissivity of 0.998 +1-0.00222. The small blackbody and the integrating sphere sources have been directly calibrated at NIST, and can be used directly as sources, or can be used to illuminate targets which can be used to test alignment and the MTF ofthe full system. The final source in the Radiometric Calibration System (RCS) is the output of a double monochromator to check wavelength responses.
The satellite payload features two calibration systems, as depicted in Figure 3 . At the entrance of the optical system, we have a clamshell door, which is normally closed to maintain thermal stability. The inner surface ofthe door is high emissivity black, and is temperature controlled to provide full-aperture infrared calibration ofthe entire system. The clamshell can be partially deployed, which presents a diffuser surface (Z-93 paint) to incoming solar radiation. The output ofthe diffuser can provide a full aperture VNIRJSWIR calibration ofthe system, or the output can be directed into a small filtered cavity radiometer to check for degradation of the diffuser surface. Near the focal plane we have located a quick look calibration wheel with two blackbodies, a two-level integrating sphere, a gold surface retro mirror and an open aperture. The wheel is in a protected location, but provides calibration data only for the FPA and associated hardware. Each of these on-board calibration sources is to be calibrated against the highly accurate output of the RCS, thus providing full traceability to NIST standards. The combination of these calibration systems will provide unprecedented on-board calibration capability.
System configuration.
The launch configuration for the system is approximately a cylinder. 1.35 m in diameter and 2.6 m long with a total mass of 625 kg, requiring a Taurus or similar launch vehicle to reach Low Earth Orbit of nominally 500 km. Once in orbit, four solar paddles deploy, and three reaction wheels are used to keep the solar paddles pointed at the Sun. maximizing power generation. For imaging the system proceeds through a calibration sequence, sweeps across the target site, takes one or more images, repeats the calibration sequence and then resumes the sun-pointing orientation. Peak power during imaging is 800 Watts. and the peak data rate is -400 Mbits/second to an on-board store and forward memory whose content is linked down to the ground station severai times per day. Data analysis is based on the analysis segments of the end-to-end model. The first step involves reregistration of the fifteen spectral bands on three SCAs to form images: some new techniques in this area have recently been presented. Calibrations will need to synthesize data from a number of sources: on-board calibration systems, reference to calibrated ground targets, celestial objects and deep space. However, we expect to spend most of our efforts in translating the multispectral data into useful data products following atmospheric corrections. Standard products include23'24: image sharpening and restoration, temperature retrievals, materials identification, vegetative stress, atmospheric state, etc. Community experts have recently reviewed plans for the algorithms.
The ultimate test of the system will be in comparing the information retrieved from on-orbit measurements to well-characterized targets. These targets include lakes, rivers, oceans, relatively uniform solids such as desserts or dense vegetation, and a variety of man-made targets. Appropriate ground truth activities will be conducted, either separately or in collaboration with other systems. systems, data, and environmental applications", American Meteorological Society, Boston (1990).
